Establishment and subsequent maintenance of distinct chromatin domains during embryonic stem cell (ESC) differentiation are crucial for lineage specification and cell fate determination. Here we show that the histone chaperone Chromatin Assembly Factor 1 (CAF-1), which is recruited to DNA replication forks through its interaction with proliferating cell nuclear antigen (PCNA) for nucleosome assembly, participates in the establishment of H3K27me3-mediated silencing during differentiation. Deletion of CAF-1 p150 subunit impairs the silencing of many genes including Oct4, Sox2 and Nanog as well as the establishment of H3K27me3 at these gene promoters during ESC differentiation. Mutations of PCNA residues involved in recruiting CAF-1 to the chromatin also result in defects in differentiation in vitro and impair early embryonic development as p150 deletion. Together, these results reveal that the CAF-1-PCNA nucleosome assembly pathway plays an important role in the establishment of H3K27me3-mediated silencing during cell fate determination.
INTRODUCTION
Generation of a variety of specialized cell types from stem cells is fundamental for the development of multicellular organisms. Mouse embryonic stem cells (ESCs) possess self-renewal and pluripotency and are, therefore, a suitable model system to explore the molecular mechanisms governing cell identity transitions during development (1) (2) (3) (4) . The three core transcription factors (TFs) Oct4, Sox2 and Nanog are critical for the establishment and maintenance of the ESC pluripotent state (5, 6) . These three TFs form interconnected auto-regulatory loop to promote their own expression as well as the expression of genes critical for ESC stability (5) . In addition, they also repress the expression of lineage-specific regulators to prevent differentiation (7) (8) (9) . In response to differentiation stimuli or withdrawal of culture conditions favoring self-renewal, ESCs execute a differentiation program and generate cell types of all three germ layers, mimicking early embryonic development. During this process, the ESC-specific TF network collapses, which leads to silencing of many genes including pluripotency genes. Concurrently, commitment to a particular lineage is sealed by the induction of genes specific for that lineage. It is relatively underexplored how the ESC-specific TF network is turned off during pluripotency exit.
In addition to TFs, chromatin organization and modifications are also important for maintaining the pluripotent state and regulating lineage specification (10) . Chromatin is a highly organized complex of DNA, RNA and proteins. The basic repeating unit of chromatin is the nucleosome, which consists of 147 bp of DNA wrapped around a histone octamer containing a H3-H4 tetramer and two H2A-H2B dimers (11) . These histone proteins carry post-translationally modifications including acetylation and methylation, which are important in regulating gene expression in response to environmental and developmental stimuli (10) . For instance, tri-methylation of hi-stone H3 lysine 4 (H3K4me3) is found at the promoters of actively transcribed genes (12) , whereas tri-methylation of histone H3 lysine 27 (H3K27me3), catalyzed by the Polycomb Repressive Complex 2 (PRC2) (13) is enriched at the promoters of silent genes and plays an important role in repressing gene transcription during development. In ESCs, H3K4me3 is detected at the promoters of pluripotency genes such as Oct4, Sox2 and Nanog (14) , whereas acetylated H3K27 (H3K27ac), a mark associated with active (open) chromatin, is found at the enhancers and promoters of these genes (15) . During differentiation, the silencing of the pluripotency gene network is associated with a dramatic reduction of the levels of H3K4me3 at the promoters of Oct4, Sox2 and Nanog and a concomitant increase of H3K27me3 (14) . However, it remains unclear how the H3K27me3-mediated silencing is established during the transition from active to silent chromatin during differentiation.
During the process of chromatin replication, nucleosomes are first disassembled to allow the DNA replication machinery to access the DNA. Following DNA replication, newly synthesized DNA is assembled into nucleosomes in a process that is tightly coupled to ongoing DNA replication (16) . This DNA replication-coupled nucleosome assembly is regulated by histone chaperones including Chromatin Assembly Factor 1 (CAF-1), the classical chaperone for histones H3-H4 (16) . CAF-1 consists of three subunits, p150, p60 and p48 (17, 18) . CAF-1 is recruited to DNA replication forks through its interaction with proliferating cell nuclear antigen (PCNA), the ring-shaped homotrimer serving as the sliding clamp for DNA polymerases (19) . CAF-1 interacts with PCNA mainly through the CAF-1 p150 subunit (19, 20) .
Experimental evidence accumulated thus far supports the idea that DNA replication-coupled nucleosome assembly plays an important role in the inheritance of chromatin states during mitotic cell divisions. For instance, mutations in CAF-1 and PCNA lead to defects in transcriptional silencing at heterochromatin in yeast (21) (22) (23) . In mammalian cells, CAF-1 interacts with heterochromatin protein 1 (HP1) (24, 25) , and depletion of p150 and p60 subunits results in impairment of pericentromeric heterochromatin centers in mouse cells (24) . In plants, CAF-1 interacts with PRC2, the H3K27 methyltransferase; and it has been proposed that the PRC2-CAF-1 interaction helps maintain the H3K27me3-mediated silent chromatin during DNA replication (26) . Recently, it has been shown that depletion of CAF-1 components in murine ESCs promotes the emergence of totipotent-like cells that resemble two-cell stage (2C) blastomeres (27) . Moreover, reduction of CAF-1 levels in somatic cells accelerates the reprogramming process (28) , indicating the importance of CAF-1 in maintaining the identity of somatic cells. These studies highlight the potential role of CAF-1 and other factors involved in DNA replication-coupled nucleosome assembly in the maintenance of chromatin states and cell identity during mitotic cell divisions.
In addition to maintaining parental chromatin states, chromatin replication during the S phase in principle also offers a window-of-opportunity to facilitate changes in chromatin states. However, to what extent CAF-1 and PCNA contribute to such changes remains underexplored. Here, we investigate the function of CAF-1 and PCNA during in vitro differentiation of mouse ESCs. We show that the large subunit of CAF-1, p150, plays an important role in mouse ESC differentiation in vitro. We observed that deletion of p150 or disruption of the p150-PCNA interaction impairs mouse ESC differentiation and the silencing of many genes including pluripotency genes. Moreover, deletion of p150, while having little effect on the global levels of H3K27me3, compromises the gain of H3K27me3 at the promoters of this group of genes during differentiation. These results support a role for CAF-1-mediated DNA replication-coupled nucleosome assembly in the establishment of the facultative heterochromatin during ESC differentiation.
MATERIALS AND METHODS

Embryonic stem cell culture
Male TL1 ESCs were generously donated by Dr. Jan van Deursen at Mayo Clinic. ESCs were cultured under 5% CO 2 at 37 • C in regular Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum (FBS), 1% glutamine (Cellgro), 1% Pen/Strep (Invitrogen), 1% sodium pyruvate(Cellgro), 1% of nonessential amino acids (Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma) and 10 ng/ml leukemia inhibitory factor (LIF). Mouse embryonic fibroblasts inactivated by irradiation were used as feeder cells.
Generation of p150 deletion and site-specific PCNA mutations in murine ESCs using CRISPR/Cas9
To knock out the p150 gene, sgRNAs targeting the 5 end of the p150 gene were designed according to the website http://www.genome-engineering.org/crispr/. Oligos were synthesized by Integrated DNA technologies, Inc. (IDT, Coralville, IA, USA) and inserted into pX459 vector according to published protocol (29) . Plasmids were transfected into ESCs by transfection using Lipo-3000 (Invitrogen). After Puromycin (2 g/ml) selection for 2 days, singlecell clones were picked and expanded for further characterization. Genetic mutations were confirmed by Surveyor nuclease assay and Sanger sequencing. Knockout of p150 was confirmed by western blot (WB) using two antibodies raised against different antigens.
To generate murine ESCs with PCNA point mutation, sgRNAs targeting PCNA sites were cloned into pX459 vector. Repair template single-stranded DNA oligonucleotides (ssODN) were synthesized by IDT. Targeting plasmid and ssODN were introduced into ESCs via nucleofection according to the manufacturer's protocol (Lonza, Basel, Switzerland). After Puromycin selection, single-cell clones were picked and screened for PCNA point mutation by restriction enzyme digestion and validated by Sanger sequencing.
Generation of PCNA mutation mouse
All animal experimental protocols were approved by the Columbia University's Institutional Animal Care and Use Committee (IACUC) and are in compliance with national and institutional guidelines. To generate PCNA mutation allele in ESCs, we introduced PCNA point mutation though homologous recombination via CRISPR/Cas9 system as described above. Correctly targeted ES clones were confirmed with Sanger sequencing. Correctly targeted clones were injected to blastocyst to generate chimeras and subsequently establish founder knock-in mice.
Embryoid body assay
To perform embryoid body (EB) in vitro differentiation assay, ESCs were disaggregated with TrypLE (Invitrogen) and EBs were formed using the hanging drop method with 300 cells per each 30 l drop in ESC culture medium without LIF (30) . After 3 days in hanging drops, EBs were collected from the lids and cultured in 10-cm low-attachment Petri dish in ESC culture medium without LIF. Samples were collected at the indicated time points for analysis.
H&E staining of EB
EBs were fixed with 4% of PFA at 4 • C for 3 h and washed with 1× phosphate buffered saline (PBS) twice. EBs then is mixed with Matrigel (Corning). After solidification of the Matrigel/EB mixture, mixture is dehydrated with 95% ethanol (30 min), 100% ethanol (30 min, three times), 100% ethanol (overnight), histo-clear (30 min twice, National diagnostics) and embed in paraffin. 5 m sections were prepared for H&E staining. Sample slides was incubated with histo-clear (15 min), second histo-clear (15 min), 100% ethanol (2 min), second 100% ethanol (2 min), 95% ethanol (2 min), 70% ethanol (2 min), distilled water (2 min), Mayer's hematoxylin (1 min), ammonium hydroxide (30 s; 1:200 in distilled water, Fisher scientific), distilled water (1 min; four times), 95% ethanol (2 min; twice), eosin (2 min), 95% ethanol (1 min), second 95% ethanol (1 min), 100% ethanol (2 min), second 100% ethanol (2 min), histo-clear (5 min), second histo-clear (5 min). The slides were covered by Fisherbrand Supreslip cover glass with Permount and dried overnight.
Teratoma assay
8 × 10 5 ESCs were resuspended in 200 l of chilled 1:1 mixture of ESC culture medium without Lif and Matrigel Growth Factor Reduced Basement Membrane Matrix (BD Biosciences). Cells were then injected subcutaneously into both dorsal flank of NOD.CB17-Prkdc scid /Jimmunodeficient mice. Ten mice were used for each cell line. After one month, teratomas were excised and weighed. A piece of specimen (<50 mg) was cut from each teratoma and grinded in chilled TRI Reagent (Sigma) for RNA purification. The residual part of each teratoma was fixed in 4% paraformaldehyde overnight at 4 • C. Fixed teratomas were then paraffin-embedded and sections were used to do Hematoxylin & Eosin (H&E) staining according to standard procedures.
Acid extraction of histone
5 × 10 6 cells are collected and washed with 1× PBS once. After washing with 1 ml hypotonic lysis buffer (10 mM Tris-HCl, pH8.0, 1 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol (DTT) and protease inhibitor), pellet is incubated with 1ml hypotonic buffer rocking at 4 • C for 30 min. After washing three times with hypotonic buffer, nuclei pellet is resuspended in 400 l 0.2N HCl and rock at 4 • C for 30 min. After spin down, 100 l TCA is added to the supernatant and incubate on ice for 30 min. Histone pellet is washed by cold acetone twice. After air dry, histone pellet is dissolved by boiling in 1× sodium dodecyl sulphate (SDS) sampling buffer.
Chromatin fraction of ESCs
1 × 10 6 ESCs were collected and washed with PBS. ESCs were resuspended with 200 l CSK buffer (10 mM PIPES-KOH pH7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 0.5% Triton X-100, 0.5 mM PMSF and proteinase inhibitor) and incubated on ice for 5 min. A total of 100 l of the cell suspension was removed as whole cell lysates (WCL). The rest samples were centrifuged (1300 g, 5 min, 4 • C) and the supernatant was collected as the cytoplasmic fraction. The pellet was washed with CSK buffer twice and used as the chromatin fraction.
iPOND-SILAC-MS
iPOND was performed as described previously (31) . Briefly, ESCs were cultured in light isotope growth media (p150 WT) and heavy isotope growth media (p150 KO) for 10 generations. Incorporation percentage was confirmed to be > 97% for each of these two isotopically labeled amino acid with LC/MS analysis. 40 × 10 7 ES cells for each cell line were pulsed with 10 M EdU for 10 min at 37 • C incubator. After pulse, cells were immediately fixed by 1% formaldehyde in PBS for 10 min at RT and quenched with 125 mM glycine for 5 min. Cells were collected by scrap from the plates and washed three times with 1× PBS. Cells were resuspended with permeabilization buffer (0.25% of Triton X-100 in PBS; 1ml/1 × 10 7 cells) and incubated at RT for 30 min. After permeabilization, cells were washed with cold 0.5% (wt/vol) bovine serum albumin (BSA) in PBS and once with PBS. The light and heavy labeled cells were mixed 1:1 before Click reaction. The mixed cells were suspended with Click reaction cocktails (biotin-azide-PEG4 10 M, sodium ascorbate 10 mM and CuSO 4 2 mM in PBS; 5 ml/1 × 10 8 cells) and rotate at RT for 2 h. After Click reaction, cells were washed with cold 0.5% (wt/vol) BSA in PBS and once with PBS. Cells were suspended with lysis buffer (1% SDS in 50 mM Tris pH 8.0 with 1 g/ml of aprotinin and leupeptin; 100 l/1.5 × 10 7 cells) and sonicated for 15 cycles (30 s on and 30 s off) in Bioruptor (Diagenode, Inc., Danville, NJ, USA). After sonication, samples were collected by centrifuge and supernatant was filtered through 40 m cell strainer. Lysate was mixed 1:1(vol/vol) with cold PBS containing 1 g/ml of aprotinin and leupeptin. Lysate was incubated with streptavidin Myone C1 beads (Thermofisher; 100l/10 × 10 7 cells) and rotate at RT for 1 h. Beads were washed with lysis buffer (1% SDS in 50 mM Tris pH 8.0), low salt buffer (1% Triton-X100, 20 mM Tris pH8.0, 2 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl), high salt buffer (1% Triton-X100, 20 mM Nucleic Acids Research, 2019, Vol. 47, No. 21 11117 Tris pH8.0, 2 mM EDTA, 500 mM NaCl), lithium chloride washing buffer (100 mM Tris pH8.0, 500 mM LiCl, 1% Igepal-CA630) and twice with lysis buffer. The beads were resuspended with 25 l of 2× sampling buffer and incubate at 95 • C for 30 min to revers cross-link. The supernatant was collected by spin down and the eluted protein were analyzed by immunoblotting and Mass spectrometry (Harvard Medical School Taplin Mass Spectrometry Facility).
Micrococcal nuclease (MNase) digestion assay
1 × 10 6 ES cells were collected and cross-linked with 1% formaldehyde for 10 min at RT and quenched with 125 mM glycine for 5 min. Cells were collected and washed once with cold Tris-buffered saline (TBS). Fixed cells were resuspended in lysis buffer (10 mM Tris-HCl, pH7.5, 10 mM NaCl, 0.5% IGEPAL-CA630) and incubated on ice for 10 min. After centrifugation, the cell pellet was washed once with MNase digestion buffer (20 mM Tris-HCl, pH7.5, 15 mM NaCl, 60 mM KCl, 1 mM CaCl 2 ). After re-suspended in 250 l MNase digestion buffer with proteinase inhibitors, 500, 250, 125, 62.5, 31, 16, 0 units per 1 × 10 6 cells MNase (M0247S; New England Biolabs, Ipswitch, MA, USA) was added to same aliquoted sample. After incubation at 37 • C for 20 min, 250 l of STOP buffer (100 mM Tris-HCl, pH8.1, 20 mM EDTA, 200 mM NaCl, 2% Triton X-100, 0.2% sodium deoxycholate) was added. Lysates were sonicated for 15 cycles (30 s on and 30 s off) in Bioruptor (Diagenode, Inc., Danville, NJ, USA) and supernatant was collected after centrifugation. The supernatant was reversecrosslinked at 65 • C overnight and DNA was purified by ethanol precipitation and analyzed by agarose gel electrophoresis.
RT-PCR analysis
Total RNA was isolated from 1 × 10 6 cells using RNeasy Plus kit (Qiagen). A total of 1 g of RNA was used for reverse transcription with random hexamers (Invitrogen). Quantitative polymerase chain reaction (PCR) was performed in triplicates for each sample with SYBR Green PCR Master Mix on CFX96 platform (Bio-Rad Laboratories). Primers used are listed in Supplementary Table S1 .
Immunofluorescence
ESCs were fixed in 4% of formaldehyde for 10 min at room temperature (RT), then washed three times with PBS and blocked for 1 h with 5% normal goat serum (NGS) in PBS containing 0.1% Triton X-100 (PBST) at RT. Primary antibody was diluted in PBST containing 1% NGS and incubated with cells overnight at 4 • C. After incubation, cells were washed once with PBST and incubated with fluorophore-labeled secondary antibodies for 1 h at RT. DNA/nuclei were counterstained with DAPI. Immunofluorescence images were recorded by Olympus FV1000 confocal system. The primary antibodies used for immunofluorescence were anti-Oct4 (1:100, sc-5279; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-MERVL-Gag (1:100, A-2801, Epigentek, Farmingdale, NY, USA).
Cell-cycle analysis
ESCs cultured in 6-well plate were pulsed with 1 M EdU for 15 min at 37 • C. Flow cytometry assay was carried out using Click-iT EdU Flow Cytometry Assay kits (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Briefly, after EdU labeling, ESCs were collected and fixed with Click-iT fixative for 15min at room temperature. After fixation, ESCs were washed with 1% BSA in PBS and Click-iT wash buffer. Click-iT reaction was performed at room temperature for 30 min. Cells were then stained with propidium iodide (PI) and analyzed by an LSR II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Cell proliferation assay
7 × 10 4 ESCs were seeded on immortalized feeder cells. ESCs were collected and passaged every 3 days for 12 days. Cell numbers were counted by Bio-Rad TC10 automated cell counter. The number of feeder cells was subtracted before calculation.
Expression of p150 and EGFP in ESC
For exogenous expression in p150 KO cells, full-length p150 cDNA and domain-truncated mutations were cloned into the lentivirus-based vector pWPXL (Addgene) with one EGFP tag at the C-terminus. To generate pluripotency EGFP reporter ESC line, the lentivirus-based EGFP reporter vector PL-SIN-EOS-C(3+)-EGFP plasmid (Addgene) was used. Lentivirus expressing p150 or EGFP infected ESC. Expected cell line is selected by single cell clone and characterized by exogenous protein expression.
Immunoprecipitation
To immunoprecipitate GFP-p150, 1 × 10 7 cells were collected and suspended in 1 ml of lysis buffer (50 mM HEPES-KOH, pH7.4, 150 mM NaCl, 1% NP40, 10% glycerol, 1 mM EDTA and proteinase inhibitor) and dounce-homogenized for 40 times (D8938-1SET; MilliporeSigma). DNase I (2 g/ml) and EtBr (20 g/ml) was added to lysates and rotated at 4 • C for 30 min. After two consecutive centrifugations at 13 000 rpm for 15 min each time, soluble lysate was incubated with GBP beads at 4 • C for 1 h. The beads were washed with washing buffer (50 mM HEPES-KOH, pH7.4, 100 mM NaCl, 0.01% NP40, 10% glycerol, 1 mM EDTA and 0.02 m PMSF), and proteins were eluted using 1× SDS sampling buffer and analyzed by WB.
ChIP-qPCR analysis
1 × 10 7 ES cells were collected and cross-linked with 1% formaldehyde for 10 min at RT and quenched with 125 mM glycine for 5 min. Cells were collected and washed once with cold TBS. EBs were digested by 0.25% trypsin (Gibco, Gaithersburg, MD, USA) at 37 • C before fixation using 1% formaldehyde for 10 min at RT. Fixed cells were re-suspended in lysis buffer (10 mM Tris-HCl, pH7.5, 10 mM NaCl, 0.5% IGEPAL-CA630) and incubated on ice for 10 min. After centrifugation, the cell pellet was washed once with MNase digestion buffer (20 mM Tris-HCl, pH7.5, 15 mM NaCl, 60 mM KCl, 1 mM CaCl 2 ). After re-suspended in 250 l MNase digestion buffer with proteinase inhibitors, 2000 units per 4 × 10 6 cells MNase (M0247S; New England Biolabs, Ipswitch, MA, USA) was added. After incubation at 37 • C for 20 min, 250 l of STOP buffer (100 mM Tris-HCl, pH8.1, 20 mM EDTA, 200 mM NaCl, 2% Triton X-100, 0.2% sodium deoxycholate) was added. Lysates were sonicated for 15 cycles (30 s on and 30 s off) in Bioruptor (Diagenode, Inc., Danville, NJ, USA) and supernatant was collected after centrifugation. The supernatant was incubated with 2 g antibody at 4 • C overnight on a rotator. A total of 30 l Protein-G Mag Sepharose beads (GE Healthcare, Little Chalfont, UK) was added and incubated for additional 3 h at 4 • C. Beads were washed with ChIP buffer (50 mM Tris-HCl, pH8.0, 10 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate), high salt buffer (ChIP buffer with 500 mM NaCl), LiCl buffer (10 mM Tris-HCl, pH8.0, 0.25 M LiCl 2 , 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA) and TE buffer. Chromatin on beads was eluted and reverse-crosslinked at 65 • C overnight and was purified by PCR purification kit (Qiagen). DNA was analyzed by real-time PCR. Primers used are listed in Supplementary Table S1 .
ChIP-seq
ChIP DNA was prepared the same way as for ChIP-qPCR. A total of 10 ng of ChIP and input DNA were processed for library preparations by following Ovation Ultralow DR Multiplex kit (NuGEN Technologies, San Carlos, CA, USA). The ChIP-seq library DNA was sequenced using an Illumina NextSeq 500 instrument.
ChIP-seq data analysis
Sequencing reads from H3K4me3 and H3K27me3 ChIPseq were aligned to the mouse genome (mm9) using the Bowtie2 software (32) . After removal of PCR duplication reads by SAMtools (33), genome-wide read coverage was calculated by BEDTools (34) . In order to calculate the ChIP-seq read density at promoters, normalized read densities (RPKM, Reads Per Kilobase per Million mapped reads) were calculated across gene promoter regions. The promoters used in this study were defined as 2 kb upstream and 500 bp downstream of the transcription start site determined based on the UCSC gene annotation.
RNA-seq
Total RNA was extracted the same way as for RT-PCR. RNA-seq libraries were prepared and deep sequencing was performed by Novogene Corp., Inc. (San Diego, CA, USA). Two replicates for each sample were sequenced. Raw data were aligned to the mouse genome version mm9 and to gene annotations from RefSeq using TopHat v2.05. Cufflinks v2.0.2 was used to quantify FPKM values (35, 36) . Differential expression was determined by Cuffdiff at FDR < 0.01. Gene ontology analysis was conducted using GO TermFinder.
Statistical analysis
Unless otherwise specified, values are depicted as mean ± SEM. Parameters including statistical significance, P-value and statistical analysis methods are reported in the figure legends and Supplementary Figure legends . Statistical analysis was performed using the two-tailed Student's t-test, with the exception of Figure 6B -I, which were analyzed using the Wilcoxon test. In all cases, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 were considered statistically significant.
RESULTS
Mouse CAF-1 p150 is dispensable for ESC self-renewal and viability
We deleted p150 (p150 KO), the large subunit of CAF-1 complex, in mouse ESCs using CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-associated 9) (Supplementary Figure S1A and B). Clones with indels introduced by CRISPR/Cas9 were confirmed by Sanger sequencing ( Figure 1A ). Moreover, p150 proteins were not detectable by WB using two different primary antibodies raised from antigens at either the Cterminus or the N-terminus of p150 ( Figure 1B and Supplementary Figure S1C ). The p150 KO cells exhibited a slightly reduced proliferation rate ( Figure 1C ) and a similar cellcycle profiles compared to p150 wild-type (WT) cells (Supplementary Figure S1D ). Consistent with these results, p150 KO ES cells and day 7 embryonic bodies (EB) did not show much increase in DNA damage as detected by H2AX phosphorylation (Supplementary Figure S1E and F), which in contrast to human cancer cells with p150 depletion where a dramatic change in S phase progression and an increase in DNA damage were observed (37) . Moreover, p150 KO cells had normal karyotypes (Supplementary Figure S1G and H). The p150 KO cells could form dome-shaped cell clones ( Figure 1D ) and were positive for alkaline phosphatase (AP) staining (Supplementary Figure S1I ). At last, compared to WT cells, the p150 KO cells expressed similar levels of three pluripotency genes (Nanog, Oct4 and Sox2) ( Figure 1E and F). Thus, the p150 KO ESCs are, surprisingly, largely normal compared to WT ESCs. However, consistent with previous reports (27, 38) , cells lacking p150 had fewer chromocenters and had more 2C-like cells (Supplementary Figure S2A -D). 2C-like cells expressed MERVL retroelement-derived Gag protein (MERVL-Gag), but did not express Oct4. However, the percentage of 2C-like cells in p150 KO cells was <5% (Supplementary Figure S2E) . These results indicate that most of the p150 KO ES cells remain in the ESC state, and that p150 is likely not essential for the viability and stemness of mouse ESCs.
Deletion of p150 impairs mouse ESC differentiation
Mice with p150 KO die in early embryogenesis (38) . Therefore, we analyzed whether p150 KO had any effect on the differentiation of mouse ESCs using the in vitro EB differentiation assay (Supplementary Figure S2F) , which mimics the formation of three germ layers during early embryonic development (30, 39) . The p150 KO EB failed to form cavities observed in WT cells (Supplementary Figure S2G feature of EB maturation, and exhibited a more compact structure (Supplementary Figure S2H ), indicating a defect in differentiation. Consistent with this observation, gene expression analysis using RT-qPCR showed that compared to WT cells, Oct4, Nanog and Sox2 were not silenced in both p150 KO clones (Figure 2A) . The high expression level of Oct4 and Nanog in p150 KO cells compared to WT cells during differentiation was confirmed by WB analysis (Figure 2B ). In addition, the induction of several genes that represent the three embryonic lineages during differentiation was also compromised in p150 KO cells compared to WT cells (Supplementary Figure S3A ). Together, these results indicate that deletion of p150 compromises the differentiation of mouse ES cells in the in vitro EB assay.
To determine the impact of p150 depletion on gene expression in mouse ESCs and during differentiation in an unbiased manner, we analyzed the transcriptome of p150 WT and KO ESCs and EBs collected after 7 days differentiation using RNA-seq. Compared to WT ESCs, deletion of p150 affected the expression of 587 genes in ESCs. Pathway analysis of the 587 genes indicates that these genes are enriched at plasma membrane and cell surface (Supplementary Figure S3B ). However, none of these proteins are receptors known to be involved in the regulation of stem cell fate, consistent with our previous observation that the p150 KO has a minor impact on ESC proliferation and stemness.
Compared to WT ES cells, the expression of 2253 genes decreased, whereas that of 2997 genes increased at day 7 WT EBs. Unsupervised cluster analysis indicated that the 2253 genes that were silenced during the differentiation of WT ESCs could be clearly separated into two groups based on the impact of p150 KO on gene expression (Group1 and Group2, Figure 2C ). Group 1 genes were not silenced in KO cells during differentiation ( Figure 2C ), whereas silencing of group 2 genes was affected less dramatically. Gene Ontology (GO) analysis revealed that Group 1 genes were enriched in genes involved in stem cell population maintenance, DNA replication and repair ( Figure 2D) , whereas group 2 genes included those involved in ribosome biogenesis and mRNA processing (Supplementary Figure S3C ). It is known that genes involved in DNA repair including homologous recombination are expressed highly in ES cells compared to differentiated cells. It is proposed that high expression of these genes in ES cells helps maintain genome integrity of these cells (40, 41) .
The 2997 upregulated genes during differentiation of WT ES cells could also be separated into two groups (Group3 and Group4, Figure 2C) , with Group 3 genes enriched in germ layer differentiation (Supplementary Figure S3D) and Group 4 genes enriched in cell migration (Supplementary Figure S3E ). We noticed, however, that the effect of p150 KO on the Group 3 genes were not so consistent among two repeats, likely due to the variations in differentiations. At last, the expression of both Group 3 and Group 4 genes in p150 KO EBs was also compromised compared to WT EB (Supplementary Figure S3F and G) . Together, these results indicate that p150 plays an important role in regulating gene expression critical for ESC differentiation.
Impact of p150 deletion on the silencing of Oct4 during differentiation
Silencing of pluripotency regulatory network precedes lineage commitment (42) (43) (44) . Moreover, CAF-1 in other organisms such as yeast is known to be involved in gene silencing (23) . Therefore, we focused on our analysis on the role of CAF-1 in gene silencing. First, we monitored the dynamics of silencing of Oct4 during EB differentiation using the EGFP reporter driven by the Oct4 distal enhancer in WT and p150 KO cell lines (Supplementary Figure S3H -I) (45) . Following EB differentiation, EGFP signals in WT cells diminished, whereas EGFP signals in p150 KO cells were preserved ( Figure 2E ). Flow cytometry analysis of the disaggregated cells from Day 7 EBs showed that EGFP expression was lost in almost all WT cells. In contrast, the majority of p150 KO cells had similar levels of EGFP as ESCs based on analysis of GFP fluorescence ( Supplementary Figure S3J) and expression by RT-PCR ( Supplementary Figure S3K) . These results indicate that p150 deletion compromises the silencing of Oct4 and potentially other pluripotency genes in almost all cells. We also found that the expression of EGFP-tagged full-length p150 in KO ESCs two independent clones fully rescued the defects in silencing of three pluripotent genes (Oct4, Nanog and Sox2) tested (Figure 3A) , indicating that defects in silencing of these genes in p150 KO cells during EB differentiation are due to the absence of p150 proteins.
The PIP2 domain of p150 is required for gene silencing
CAF-1 p150 contains two regions that interacts with PCNA (PIP1 and PIP2) and one region (the MIR domain) for HP1 ( Supplementary Figure S4A) (20, 25, 46) . To understand how p150 is involved in gene silencing during ESC differentiation, we analyzed the impact of deleting each of these regions of p150 (PIP1 , PIP2 , MIR ) on cell differentiation. Each p150 deletion mutant was expressed in p150 KO cells to a level similar to the endogenous p150 (Supplementary Figure S4B ). Moreover, the p150 PIP2 mutant exhibited a reduced interaction with PCNA, whereas the p150 PIP1 mutant had no apparent effects ( Figure 3B ). At last, all three p150 deletion mutants bound the p60 subunit of CAF-1 and histone H3 to the same extent as WT p150 ( Figure 3B ). These results indicate that these p150 mutants did not affect CAF-1 complex formation and/or their ability to bind histones.
Upon differentiation, expression of p150 PIP1 and MIR mutants in p150 KO cells rescued the defect in the silencing of three pluripotency genes tested ( Figure 3C ), whereas expression of the p150 PIP2 mutant failed do so ( Figure 3C and Supplementary Figure S4C) . The same conclusion could be obtained when examining the morphology of EB expressing WT and various p150 mutants (Supplementary Figure S4D ). These results indicate that the PIP2 domain of p150 is essential for differentiation of ESC including silencing of pluripotency genes, whereas the PIP1 and the HP1-interacting regions are dispensable.
Cells containing the PCNA mutation defective in p150 interaction phenocopy p150 deletion mutant cells
The results presented above strongly support the idea that targeting CAF-1 to the DNA replication fork through its interaction with PCNA is important for the gene silencing during differentiation. This observation is reminiscent of our early study in yeast cells expressing the PCNA point mutations Arg61Ala and Asp63Ala (R61A, D63A) (21) . This mutation, while having no apparent effect on DNA synthesis, is defective in the PCNA-p150 interaction and transcriptional silencing at telomeres and silent mating-type loci. Therefore, we introduced the same PCNA mutation into a mouse ESC line using the CRISPR/Cas9-mediated gene editing technology ( Figure 4A and Supplementary Figure S5A ) (29) . As in yeast cells (21) , the PCNA mutation exhibited reduced association with CAF-1 p150 compared to WT PCNA ( Figure 4B ). Moreover, the PCNA mutant cells maintained ESC identity and self-renewal based on the expression of Oct4 (Supplementary Figure S5B ) and AP staining (Supplementary Figure S5C) . Therefore, similarly to the CAF-1 p150 KO, the PCNA (R61A, D63A) mutant has little impact on mouse ESC.
Upon differentiation, we observed that, similarly to p150 KO cells, EBs from the PCNA mutant cells failed to form cavities after culturing 10 days (Supplementary Figure S5D and E). Moreover, Oct4, Nanog and Sox2 were not properly silenced in PCNA mutant cells compared to WT ESCs during differentiation ( Figure 4C) . Moreover, the induction of genes involved in germ layer specification was compromised (Supplementary Figure S5F) . Interestingly, we noticed that the effect of p150 KO and PCNA mutants had a differential impact on the expression of Brachyury (T) involved in formation of the posterior mesoderm, possibly due to the fact that PCNA (R61A, D63A) mutation only reduces, but not abolish PCNA-CAF-1 interaction ( Figure 4B ). Together, these results strongly support the idea that disrupting the PCNA-CAF-1 interaction, through either the deletion of the p150 PIP2 domain or PCNA point mutations, impairs silencing of genes including pluripotent genes during differentiation, highlighting the importance of CAF-1-PCNAmediated nucleosome assembly pathway in this process. Figure 3 . The PIP2 region of p150 is important for silencing of pluripotency genes. (A) RT-qPCR analysis of expression of three pluripotency genes (Oct4, Sox2 and Nanog) in p150 KO cells expressing either full-length p150 or empty vector during EB differentiation. Two independent lines of full-length (FL) or empty vector (Vec) were used for the analysis. Results were from three independent experiments (means ± SEM, * P < 0.05, ** P < 0.01, two-tailed Student's t-test between p150 KO and KO + FL lines). (B) Analysis of interaction of p150 and p150 mutants with p60, PCNA and histone H3. EGFPtagged full-length p150 and p150 mutants with deletions of the indicated regions were expressed in p150 KO cells and immunoprecipitated with antibodies against GFP. Co-purified proteins were analyzed by WB. PIP1 , PIP1 domain deletion; PIP2 , PIP2 domain deletion; MIR , HP1-interacting domain (MIR) deletion. (C) RT-qPCR analysis of expression of three pluripotency genes (Oct4, Sox2 and Nanog) from p150 KO lines expressing WT p150 and p150 mutants during EB differentiation. Results represent means ± SEM of three independent experiments ( * P < 0.05, ** P < 0.01, two-tailed Student's t-test between WT and KO + PIP2 lines). Results from additional lines are shown in Supplementary Figure S4 .
PCNA homozygous mutation impairs mouse embryonic development
CAF-1 p150 is essential for early embryonic development (38) . To test whether the PCNA (R61A, D63A) mutations also affect mouse embryonic development, we introduced heterozygous PCNA (R61A, D63A) mutation in ES cells by CRISPR/Cas9 and generated heterozygous PCNA mutation mouse (PCNA +/Mut). PCNA+/Mut mice were born at a normal Mendelian Frequency. Moreover, PCNA+/Mut mice grew to normal size, were fertile and displayed no obvious abnormalities. However, crossing heterozygous PCNA (+/Mut) mice failed to generate viable homozygous PCNA (Mut/Mut) mice (Supplementary Figure S5G ). Further analysis showed that embryo development is terminated before E6.5. Thus, the CAF-1 bind-ing deficient PCNA mutant, also exhibits a similar defect in early embryonic development as p150 KO, indicating that the CAF-1-PCNA interaction is important for early embryonic development.
CAF-1 p150 is important for formation of silent chromatin at the promoters of pluripotency genes during differentiation
The histone modifications H3K4me3 and H3K27me3 are associated with opposite gene activity. While H3K4me3 at promoters is associated to active gene transcription, H3K27me3 at promoters is linked to gene repression (47, 48) . To understand how p150 impacts gene silencing during differentiation, we first employed chromatin immunoprecipitation (ChIP)-qPCR and analyzed changes of Analysis of p150-PCNA interaction in mouse ESCs expressing WT and mutant PCNA. EGFP-tagged p150 was expressed in PCNA WT and mutant cells and immunoprecipitated using antibodies against GFP. Co-immunoprecipitated proteins were analyzed by WB. Hetero, one allele with the R61A D63A mutation and one with WT PCNA; Homo, both alleles mutated to R61A, D63A. (C) RT-qPCR analysis of expression of Oct4, Sox2 and Nanog in PCNA WT and mutant lines during EB differentiation. Homo, PCNA homozygous mutation. Results represent means ± SEM from three independent experiments ( * P < 0.05, ** P < 0.01, two-tailed Student's t-test between PCNA WT and Homo mutant lines).
H3K4me3 and H3K27me3 levels at promoter regions of Oct4, Sox2 and Nanog before and after differentiation. After 10 days of differentiation of WT ESCs into EBs, H3K27me3 levels increased substantially at promoter regions of these three genes ( Figure 5A) . In contrast, when p150 KO cells were subjected to the same differentiation protocol, H3K27me3 occupancy of the Oct4, Nanog and Sox2 promoters showed little, if any, increase compared to undifferentiated mouse ESCs. Moreover, we found that the levels of Ezh2 at the promoter of Oct4 and Sox2 increased in WT EB compared to ES cells, and this increase was compromised in p150 KO ES cells (Supplementary Figure S6A) . In contrast, p150 KO had no apparent effects on the Ezh2 levels at genes (Il13 and Crhr2) that were silenced in both ES and EB by the presence of H3K27me3 ( Supplementary Figure S6B and C) . At last, the H3K27me3 levels at two lineage specific genes (Gata4 and Gata6) were not reduced in p150 KO EB compared to ES cells (Supplementary Figure S6D) . These results are consistent with gene expression analysis that silencing of these three pluripotent genes is compromised in p150 KO EBs.
We also analyzed H3K4me3 levels at these genes and found that H3K4me3 occupancy in WT EBs was reduced compared to ES cells, and the reduction of H3K4me3 at these genes was not detectable in p150 KO EB ( Figure 5B ). Furthermore, we monitored the changes of H3K27me3 and H3K4me3 during earlier time points of EB formation (Figure 5C and D) . The increase of H3K27me3 at the promoters of Oct4, Nanog and Sox2 in WT cells could first be detected on day 5 of EB differentiation. The effect of p150 KO on H3K27me3 was evident at the same time point but became much more pronounced by day 7 of EB differentiation (Figure 5C ). The H3K4me3 levels at promoters of Oct4, Nanog and Sox2 in p150 WT cells were reduced slightly 3 days after differentiation, were significantly reduced at 5 days of differentiation. The impact of p150 deletion on H3K4me3 levels at these gene promoter regions was observed at a kinetic similar to or slightly prior to the impact of p150 depletion on H3K27me3 ( Figure 5D ). However, CAF-1 p150 deletion had no apparent effect on the total levels of H3K27me3 and H3K4me3 in both ES cells and in EB ( Supplementary Figure S6E) . This result suggests that p150 affects pluripotency gene silencing through regulating histone modifications at these genes during differentiation.
Next, we analyzed the effect of the PCNA mutant with CAF-1 binding defects on changes of histone modifications at the promoter regions of three pluripotency genes during differentiation. In contrast to the dramatic increase of H3K27me3 in WT EBs (Figure 5E ), H3K27me3 levels in the PCNA mutant EBs only showed a slight increase. Moreover, H3K4me3 levels at the promoters of these three genes in the PCNA mutant EBs were not reduced to a similar degree as in WT EBs during differentiation ( Figure 5F) . Thus, the PCNA mutant defective in its interaction with CAF-1 also shows a defect similar to the p150 KO mutant in establishing the H3K27me3 mark at chromatin loci destined for silencing during differentiation. Together, these data strongly support the idea that the CAF-1-PCNA-mediated nucleosome assembly pathway is likely involved in this process.
CAF-1 p150 is important for changes in chromatin landscape at a subset of genes during differentiation
To analyze the impact of p150 KO on H3K27me3 and H3K4me3 at gene promoters in an unbiased manner, we performed H3K27me3 and H3K4me3 ChIP-seq using WT and p150 KO ESCs and day 7 EBs. Consistent with the ChIP-qPCR results, upon differentiation of WT ES cells, H3K27me3 levels at the promoters of Oct4 and Nanog increased in day 7 EBs compared to ESCs, whereas this increase was barely detectable in p150 KO EBs. Similarly, H3K4me3 ChIP-seq peaks at promoters of these two pluripotency genes were reduced in WT but not in p150 KO EBs ( Figure 6A ). Next, we compared the levels of H3K27me3 and H3K4me3 at the promoters of the groups of genes identified in Figure 2C based on RNA-seq. In ESCs, p150 KO had no apparent effect on H3K27me3 and H3K4me3 at either of these four groups of genes except slight changes of H3K4me3 at the Group 4 genes ( Figure  6B -I). Upon differentiation, H3K27me3 levels at the promoters of Group 1 genes, which are silenced in WT, but not in p150KO EBs, increased, and this increase was significantly compromised in p150 KO EBs ( Figure 6B ). Similarly, the differentiation-associated reduction of H3K4me3 at the promoters of Group 1 genes was also compromised in p150 KO EBs ( Figure 6C ). In contrast, the effect of p150 KO on H3K27me3 and H3K4me3 levels at the promoters of Group 2 genes, which are silenced in both WT and p150 KO EBs, was not significant (Figure 6D and E). After 7 days of differentiation, H3K27me3 levels at the promoters of Group 3 were not altered dramatically upon differentiation of either WT or p150 KO ES into EB. In contrast, H3K27me3 levels at the promoters of Group 4 genes were reduced upon differentiation of WT ES cells, and this reduction was compromised in p150 KO EB ( Figure 6F and H) . The H3K4me3 levels at the promoters of both Group 3 and 4 genes increased after differentiation of WT cells, which was compromised in p150KO EBs (Figure 6G and I) . These results are consistent with the gene expression changes and indicate that p150 depletion impairs the remodeling of epigenetic landscape including formation of facultative hete-rochromatin marked by H3K27me3 at a subgroup of genes downregulated during ESC differentiation.
The nucleosome occupancy is compromised in p150 knockout ES cells
Chromatin compaction facilitates the activation of the PRC2 complex to establish H3K27me3-mediated gene silencing (49) . Given that CAF-1 is a histone chaperone and deletion of yeast CAF-1 impacts nucleosome occupancy (50) . We hypothesized that CAF-1 affects establishment of silent chromatin through formation of a compact chromatin. To test this idea, we first compared the chromatin structure in p150 WT and KO ES cells using digestion by micrococcal nuclease (MNase), which cleaves the linker DNA between nucleosomes. We observed that chromatin in p150 KO ES cells are more susceptible to MNase digestion than WT cells, suggesting that chromatin in p150 KO cells is less compact than that in WT cells ( Figure 7A ). Consistent with the idea, we found that nucleosome occupancy, as measured by histone H3 ChIP-qPCR, at the promoters of several group of genes was reduced in p150 KO ES cells compared to WT ES cells ( Figure 7B ). However, the total levels of H3 and H4 in ES cells were not affected (Supplementary Figure S7A ). Upon differentiation, nucleosome occupancy at the promoter of two pluripotent genes (Oct4 and Nanog) tested increased in p150 WT EBs compared to ESCs. However, the increase of nucleosome occupancy at the promoters of these two genes was compromised in p150 KO EB ( Figure 7C) . Similarly, the nucleosome occupancy at the promoters of Gata4 and Gata6 genes was reduced in WT EB, and this reduction was compromised in p150 KO EBs (Supplementary Figure S7B) . Together, these results support the idea that defects in DNA replication-coupled nucleosome assembly in p150 KO cells lead to a reduced nucleosome occupancy, which contributes to the defects in establishment of silent chromatin during the differentiation of p150 KO ES cells.
CAF-1 is a histone chaperone for histone H3.1, it is possible that the relative amount of H3.1 and H3.3 on chromatin may change. To test this idea, we tagged H3.1 (Hist1h3g) and H3.3 (H3f3b) with the Flag epitope and analyzed levels of H3.1 and H3.3 in WT and p150 KO ES cells using chromatin fractionation assays. We observed a reduction of H3.1 and an increase of H3.3, slightly and consistently, on chromatin in p150 KO ES cells compared to WT ES cells ( Supplementary Figure S7C and D) . This result raises the possibility that the change in H3.1/H3.3 ratio on chromatin in p150 KO ES cells may affect the establishment of H3K27 methylation during differentiation.
CAF-1 interacts with Ezh2 as well as H3-H4 with methylation at H3K27 in ESCs
CAF-1 is known to deposit newly synthesized H3-H4 onto replicating DNA for nucleosome formation. H4 copurified with CAF-1 is acetylated at lysine residues, 5 and 12, a mark of newly synthesized H4 (51) . Moreover, in plants, it has been shown that CAF-1 interacts with Ezh2 (26) . Therefore, we identified modifications on histones copurified with CAF-1 in ES cells and tested whether CAF-1 interacts with Ezh2. As expected, the p60 subunit of the CAF-1 complex, PCNA and histone H3 co-purified with CAF-1 p150 in ESCs. Interestingly, we observed that histone H3 co-purified with CAF-1 was mono-and dimethylated at H3K27 (H3K27me1 and H3K27me2) (Figure 7D) . Mass spectrometry analysis indicate that in addition to H3K27me1 and H3K27me2, H3K27me3 was also detected, but at a lower abundance compared to H3K27me2 ( Supplementary Figure S8B and C) . Interestingly, we also observed that H3 co-purified with CAF-1 is methylated at lysine 36. Histone H4 co-purified with CAF-1 is acetylated at lysine 5, 8, 12 and 16. These results indicate that a fraction of H3-H4 co-purified with CAF-1 is from newly synthesized H3-H4 in ES cells. It has been reported that newly synthesized histone H3 is mono-methylated at lysine 9 (52, 53) . However, H3 peptides from residues 1 to 9 were barely detectable in mass spectrometry analysis, in part likely due to the digestion of peptides by Trypsin.
At last, we found that Ezh2, the catalytic subunit of H3K27 methyltransferase PRC2, also interacted with p150 ( Figure 7D and E), and this interaction was also detected Quantification of the signal intensity over indicated lane is shown on the right by ImageJ/plot profiler. A.U., arbitrary units. (B) Nucleosome occupancy at two pluripotent genes (Oct4 and Nanog), two lineage-specific genes (Gata4 and Gata6) and housekeeping gene (GAPDH). H3 ChIP was performed using chromatin from p150 WT and KO cells. Quantitative PCR was performed targeting the nucleosomes upstream of transcription start sited (TSS) of the indicated genes. Results are from three independent experiments. (means ± SEM, n = 3, * P < 0.05, ** P < 0.01, two-tailed Student's t-test) (C) Nucleosome occupancy at two pluripotent genes (Oct4 and Nanog). H3 ChIP was performed using chromatin from ESC and day7 EB of p150 WT and KO cell line. Quantitative PCR was performed targeting the −1 nucleosomes upstream of TSS of the indicated genes. Results are from three independent experiments (means ± SEM, n = 3, * P < 0.05, ** P < 0.01, two-tailed Student's t-test). (D and E) CAF-1 interacts with Ezh2. (D) EGFP-tagged full-length p150 expressed in p150 KO cells was immunoprecipitated using antibodies against GFP. Co-purified proteins were analyzed by WB using the indicated antibodies. (E) Ezh2 was immunoprecipitated using antibodies against Ezh2 and extracts prepared from p150 KO cells expressing EGFP-tagged p150. Co-purified proteins were analyzed by WB using the indicated antibodies. Immunoprecipitation using IgG was used as a control. (F and G) Impacts of p150 KO on histone and Ezh2 binding at replicating chromatin. (F) Peptides ratio of indicated proteins between p150 WT and KO detected from SILAC-iPOND-MS. ES cells cultured with light isotope growth media (p150 WT) and heavy isotope growth media (p150 KO) were pulsed with EdU to label nascent chromatin and fixed with formaldehyde. Heavy and light labeled cells were mixed 1:1 before click chemistry reaction. After Click reaction to conjugate EdU with biotin, DNA-protein complex on nascent chromatin was purified and eluting proteins were analyzed by mass spectrometry. (G) Eluted proteins from iPOND procedures were analyzed by SDS-polyacrylamide gel electrophoresis followed by immunoblotting for indicated antibodies. Representative blots from three independent iPOND experiments were shown. in PCNA mutant cells with CAF-1 binding defect (Supplementary Figure S8D ). These results indicate that CAF-1-PRC2 interaction is conserved from plant to mammalian cells.
To gain insight into the functional significance of CAF-1-Ezh2 interaction in ES cells, we analyzed how p150 KO affected the binding of Ezh2 with replicating chromatin using iPOND coupled with mass spectrometry analysis. As reported, the PCR2 complex bound to replicating chromatin (31, 54) . Interestingly, the association of three core subunits of PRC2 complex (Ezh2, Suz12 and EED) with replicating chromatin is reduced in p150KO ES cells, whereas the binding of RbAp48, a protein that is also subunit of other chromatin complexes including NURD (55), was not (Figure 7F) . The reduction of Ezh2 with replicating DNA was confirmed by WB analysis (Figure 7G ). Moreover, we observed that the association of H3.1 and H3K27me3 with replicating chromatin were also reduced ( Figure 7F and G) . Together, these results also raise the possibility that CAF-1 may also contribute to the establishment of H3K27me3mediated silencing through recruiting the PRC2 complex as well as modified histones to replication forks.
DISCUSSION
Here we show that in mouse ESCs, deletion of the p150 subunit of CAF-1, and mutations at CAF-1 p150 and PCNA that compromise the CAF-1-PCNA interaction, all dramatically impair stem cell differentiation in the in vitro EB formation assay, while having minimal effect on ESC proliferation and maintenance. Specifically, we show that in these mutant cells, silencing of a group of genes including those involved in ESC maintenance such as Oct4, Nanog and Sox2 is compromised upon differentiation. Moreover, H3K27me3, a mark associated with gene repression, is not established at the promoter of these genes. In ESCs, CAF-1 interacts with Ezh2 as well as with H3 bearing H3K27 methylations. Depletion of p150 leads to reduced nucleosome occupancy and impaired association of the PRC2 complex with replication forks. These results suggest that CAF-1 p150 is dispensable for the maintenance of heterochromatin state marked by H3K27me3 that is already established. Instead, our results indicate that CAF-1 facilitates the formation of facultative heterochromatin for gene silencing during early stages of ESC differentiation, likely through multiple mechanisms.
CAF-1 likely functions with other histone chaperones to promote DNA replication-coupled nucleosome assembly in mouse ESCs
CAF-1 is classic histone chaperone that regulates the deposition of newly synthesized histone H3-H4 on replicated DNA (16) . Depletion of CAF-1 in human cell lines results in defects in DNA synthesis and increased DNA replication stress (37) . Mice lacking p150 die in early development (38) . Moreover, CAF-1 plays an important role in maintenance of chromatin states of somatic cells (28) . Therefore, it was surprising that mouse ESCs lacking p150 showed little defects in cell-cycle progression, DNA synthesis and genome integrity. In addition to p150, CAF-1 has two other subunits, p60 and p48. Interestingly, we could not obtain ESC clones with the deletion of p60, suggesting that unlike p150, CAF-1 p60 is essential for cell viability. It is known that CAF-1 p48 also exists in other protein complexes including histone deacetylase complex and NuRD (55) (56) (57) . Therefore, it is possible that CAF-1 p60 is also a subunit of other protein complexes besides CAF-1. In budding yeast, deletion of CAF-1 also has a mild impact on cell proliferation and cell viability (22, 23) . These results indicate that the impact of p150 deletion in mouse ES cells is similar to yeast cells. Chromatin in mouse ES cells is less compact than that of somatic cells, which could provide an explanation for the non-essentiality of p150 in both in yeast and mouse ES cells.
In budding yeast, it is known that CAF-1, Rtt106 and FACT coordinate to promote nucleosome assembly during DNA replication (58) (59) (60) . FACT is a histone chaperone conserved from yeast to human cells, and is important for both gene transcription and DNA replication (61, 62) . Rtt106 shares limited sequence homology with DAXX, a histone chaperone for histone H3 variant H3.3 (63, 64) . DAXX also has a role during S phase (65) . In the future, it would be interesting to determine to what extent these histone chaperones cooperate with CAF-1 to promote nucleosome assembly during the S phase in ESCs.
CAF-1 plays an important role for the establishment of gene silencing during mouse ESC differentiation
Using two independent approaches (deleting the PCNA interacting motif in CAF-1 p150 subunit and mutating residues in PCNA that mediate PCNA-CAF-1 interaction), we show that H3K27me3-mediated silencing of a subset of genes including pluripotency genes is compromised when CAF-1's function in nucleosome assembly are impaired. In budding yeast, mutations at the same PCNA residues have little apparent effect on DNA synthesis but result in defects in transcriptional silencing in the same genetic pathway as deletion of yeast CAF-1 (21) . PCNA is involved in recruiting p150 to DNA replication forks in both yeast and mammalian cells (20, 66) . These results indicate that the CAF-1-PCNA-mediated nucleosome assembly pathway plays an important role for silencing of a subset of genes including pluripotency genes in mouse ESC differentiation.
The CAF-1-mediated nucleosome assembly pathway is best known for its role in maintenance of chromatin states from yeast to human cells. For instance, CAF-1 has a role in maintaining transcriptional silencing at silent chromatin loci in yeast cells (22, 23) . More recently, it has been found that CAF-1-mediated nucleosome assembly is critical for safeguarding somatic cell identity as depletion of CAF-1 in somatic cells leads to a dramatic increase in reprograming efficiency (28) . Moreover, depletion of CAF-1 in ESCs leads to an increase in 2C-like cells (27) . We confirmed the latter observation as we also observed that in p150 KO mouse ESCs, there is an increase in cells with 2C-like properties. In these rare 2C-like cells, Oct4 is silenced. However, the majority of p150 KO ESCs retain stem cell properties as they express Oct4. This situation is reminiscent of yeast cells lacking SIR1 (67, 68) . In sir1Δ cells, while a fraction of cells maintains the silencing at the silent mating type locus, other cells lose silencing of this locus. In a manner analogous to Sir1's role in the establishment of silent chromatin in bud-Nucleic Acids Research, 2019, Vol. 47, No. 21 11129 ding yeast, we propose that CAF-1 in ESCs also has a role in establishing facultative heterochromatin at the Oct4 locus as well as at a subset of genes that must be silenced during differentiation. Supporting this idea, p150 knockout has little effects on H3K27 methylation on two genes that are silenced in ES cells and remained silenced in EB. This explanation is also consistent with our observations that p150 is largely dispensable for the maintenance of chromatin state in mouse ES cells.
How does p150 function in establishment of facultative heterochromatin during differentiation? It is known that CAF-1 p150 interacts with LSD1/CoREST/HDAC1 complex (69) . LSD1 is a demethylase for histone H3K4 methylation. We observed that removal of H3K4me3 mark during differentiation is compromised in p150 KO cells. Therefore, it is possible that defects in establishment of facultative heterochromatin is due to a failure in the recruitment of LSD1 to these loci during differentiation. Arguing against this possibility, it has been shown that silencing of Oct4 and Nanog is not compromised during differentiation of LSD1 knockout mouse ESC or LSD1 depleted human ESCs (70, 71) . Instead, we present several lines of evidence indicating that CAF-1 may play a more direct role in establishing the H3K27me3-mediated silencing. First, we show that chromatin in p150 KO ESC cells is more susceptible for MNase digestion, indicating a more open chromatin state in p150 KO ES cells compared to WT ES cells. Moreover, nucleosome occupancy at regions close to the promoters of Nanog and Oct4 was less compact than that of WT cells during differentiation. Previously, it has been shown that a compact nucleosome density is important to activate the PRC2 complex for the establishment of H3K37me3 (49) . Therefore, it is likely that reduced nucleosome occupancy in p150 KO cells contributes to the defects in the establishment of H3K27me3. In addition to nucleosome occupancy, we show that CAF-1 interacts with the PRC2 complex. Moreover, the association of PRC2 complex with DNA replication forks is compromised in p150 KO ES cells. Therefore, it is also possible that CAF-1 contributes to establishment of H3K27me3 through recruitment of the PRC2 complex during S phase. Consistent with this idea, in Arabidopsis, CAF-1 interacts with PRC2 complex (26) . In addition to maintaining silencing, they also reported that H3.1, which is deposited by CAF-1, is also required for the establishment of silencing at the FLC locus during vernalization in part through spreading of H3K27me3 (26) . Therefore, it is likely that CAF-1 also facilitates the establishment of H3K27me3-mediated silencing through its recruitment of the PRC2 complex to replication forks. At last, we observed that histone H3 co-purified with CAF-1 was methylated at H3K27. In addition to H3K27 methylation, methylation of H3K36 and acetylation of histone H4 lysine 5 and 12 were also detected on histones co-purified with CAF-1. Acetylation of H4 lysine 5 and 12 residues is a mark for newly synthesized H4. Currently, we do not have evidence that histone H3 methylated at 36 and 27 copurified with the CAF-1 complex from mouse ESC cells is newly synthesized histone. Nonetheless, this raises the possibility that CAF-1 can deposit H3-H4 with containing H3K27 methylation to chromatin. Therefore, CAF-1 facilitates the establishment of H3K27me3-mediated silencing through at least three non-exclusive direct mechanisms: nucleosome density for activation of the PRC2 complex, recruitment of the PRC2 complex to replication forks and deposition of histones with H3K27 methylation. In addition to these H3K27me3-linked possibilities, a recent study shows that p60, another subunit of CAF-1, can bind to specific chromatin loci. Moreover, CAF-1 displaces specific TFs to inhibit differentiation of leukemia cells and it does so through its function in DNA replication-coupled nucleosome assembly (72) . Therefore, it is also possible that CAF-1-mediated nucleosome assembly helps displace TF network that is needed for the maintenance of ESC and thereby facilitates the establishment of facultative heterochromatin. Future studies are needed to test these and other models on the involvement of CAF-1 in the establishing facultative silent chromatin.
